Light signaling and phytohormones both influence plant growth, development, and stress responses; however, cross talk between these two signaling pathways in response to cold remains underexplored. Here, we report that far-red light (FR) and red light (R) perceived by phytochrome A (phyA) and phyB positively and negatively regulated cold tolerance, respectively, in tomato (Solanum lycopersicum), which were associated with the regulation of levels of phytohormones such as abscisic acid (ABA) and jasmonic acid (JA) and transcript levels of ABA-and JA-related genes and the C-REPEAT BINDING FACTOR (CBF) stress signaling pathway genes. A reduction in the R/FR ratio did not alter cold tolerance, ABA and JA accumulation, and transcript levels of ABA-and JA-related genes and the CBF pathway genes in phyA mutant plants; however, those were significantly increased in wild-type and phyB plants with the reduction in the R/FR ratio. Even though low R/FR treatments did not confer cold tolerance in ABA-deficient (notabilis [not]) and JA-deficient (prosystemin-mediated responses2 [spr2]) mutants, it up-regulated ABA accumulation and signaling in the spr2 mutant, with no effect on JA levels and signaling in the not mutant. Foliar application of ABA and JA further confirmed that JA functioned downstream of ABA to activate the CBF pathway in light quality-mediated cold tolerance. It is concluded that phyA and phyB function antagonistically to regulate cold tolerance that essentially involves FR light-induced activation of phyA to induce ABA signaling and, subsequently, JA signaling, leading to an activation of the CBF pathway and a cold response in tomato plants.
Plants have evolved a set of sophisticated photoreceptors such as phytochromes, cryptochromes, phototropins, UV-B light photoreceptor, and LOV/F-box/ Kelch-domain proteins to perceive light with a broad range of wavelengths, from UV light to red light (R)/ far-red light (FR; Möglich et al., 2010) . The photoreceptors enable a plant to monitor and direct the adaptive responses and developmental transitions to the changing light environment and specifically activate precise downstream signaling pathways (Jiao et al., 2007) . Accordingly, light plays a key role in regulating many aspects of plant growth and development, such as seed germination, photosynthesis, pigment biosynthesis, internode elongation, leaf expansion, flowering, and senescence, as well as stress response against both abiotic and biotic factors (Franklin and Whitelam, 2004; Schepens et al., 2004; Mathews, 2006) . Light conditions change with season, day, and vegetation canopy. For example, R/FR is reduced naturally at dawn and dusk, and vertically from the top to the bottom within a vegetation canopy (Smith, 1982; Chambers and Spence, 1984; Ballaré et al., 1990) . It remains largely unknown how plants integrate these environmental signals, especially R/FR ratio in cold adaptation. It is speculated that the cool temperatures and prolonged twilight reductions in low R/FR-experienced plants grown at northern latitudes may confer some seasonal protection against subsequent freezing snaps (Franklin and Whitelam, 2007) .
Increasing studies have demonstrated a complex cross talk between light and temperature signals that is partly mediated by hormone signaling cascades in the regulation of germination, plant architecture, flowering, and plant growth (Franklin, 2009; Franklin et al., 2014) . Multiple hormonal pathways are recruited in the diverse light-regulated growth and developmental processes to coordinate the light-dependent adaptive changes (Neff et al., 2006) . For instance, GA and abscisic acid (ABA) play important but antagonistic roles in phytochrome-mediated seed germination, while a down-regulation of the jasmonic acid (JA) response has been documented under low-R/FR conditions (Moreno et al., 2009; Lau and Deng, 2010; Cerrudo et al., 2012; de Wit et al., 2013; Kegge et al., 2013; Chico et al., 2014) .
In plants, FR and R are perceived by phytochrome A (phyA) and phyB, respectively (Franklin and Quail, 2010) . Accumulating studies have shown that phytochromes play a critical role in regulating the expression of a large number of light-responsive genes involved in photomorphogenesis as well as defense and stress responses in plants (Quail, 2002a (Quail, , 2002b Franklin and Quail, 2010) . The R/FR-mediated shade-avoidance responses are largely transduced by phyB, which changes the expression of a variety of genes associated with hormone biosynthesis and signaling as well as bud development (Kebrom et al., 2006 Finlayson et al., 2010; Su et al., 2011) . ABA regulates bud outgrowth and thus extends the known hormonal pathways associated with the regulation of branching in the shade-avoidance response (Reddy et al., 2013) . Previous studies also demonstrated that low R/FR induced spatial accumulation of JA in the stem (Cagnola et al., 2012) . Herbivory by canopy arthropods and infection by a range of pathogens are reduced in plants grown in full sunlight, typically with a high R/FR ratio, compared with those grown in shade, with a low R/FR ratio (Roberts and Paul, 2006) . In addition to biotic stresses, phytochromes are also involved in the responses to abiotic stresses. For example, genes in the INDUCER OF CBF EXPRESSION (ICE)-C-REPEAT BINDING FACTOR/DRE BINDING FACTOR1 (CBF/DREB1) transcriptional pathway, which plays a critical role in modulating cold stress responses for the induction of COLD-RESPONSIVE (COR) genes (Hsieh et al., 2002; Miura et al., 2007; Thomashow, 2010) , are regulated by the circadian clock and specific light spectra (Fowler et al., 2005; Franklin and Whitelam, 2007; Lee and Thomashow, 2012) . Especially, phyB and phyD could regulate cold tolerance by suppressing the transcription of genes in the CBF pathway (Franklin and Whitelam, 2007) . Although phyA has been implicated in the cold response (Gururani et al., 2015) , the relationship between phyA and light quality in the cold response has not yet been substantiated. As an antagonism generally exists between R and FR in the response to many environmental stimuli, it is highly plausible that phyA plays a critical role in the cold response by sensing the changes in light conditions, especially FR intensity.
Cold stress induces a number of ABA and JA biosynthetic and signaling genes that ultimately trigger the accumulation of ABA and JA (Knight et al., 2004; Gusta et al., 2005; Hu et al., 2013) . JA could also increase cold tolerance by regulating the ICE-CBF/DREB1 cascade, whereas ABA biosynthesis and signaling components are important for the expression of COR genes in the cold response (Gilmour and Thomashow, 1991; Mantyla et al., 1995; Hu et al., 2013) . Until now, the roles of light signaling and phytohormones in the cold stress response have been investigated independently, and it was observed that both regulatory systems share some common regulatory and response genes. This raises the possibility that light-induced activation of phytochromes might modify cold tolerance via the action of phytohormones such as ABA and JA.
To test the above hypothesis, this study examined the responses to cold under different light quality conditions and analyzed the changes in the biosynthesis of ABA and JA, and transcripts of their signaling-related genes, in tomato (Solanum lycopersicum), a cold-sensitive species. This study demonstrates that phyA and phyB function antagonistically to confer cold tolerance in tomato. Activation of phyA by FR induced ABA signaling that, in turn, triggered JA signaling, leading to an activation of the CBF pathway and cold response in tomato plants. These findings offer a clue to the elaborate regulatory interplay between light and hormone signaling in response to cold stress.
RESULTS

CBFs Mediate R-and FR-Regulated Cold Tolerance
To assess the potential role of R and FR in processes that contribute to cold tolerance, tomato plants were exposed to monochromatic R and FR at 4°C for 7 d followed by assessment of cold tolerance. It was found that R increased, but FR decreased, relative electrolyte leakage from the leaf cells, resulting in decreased and increased plant survival rates, respectively, compared with plants grown in the dark (Fig. 1A) . We also observed that R exposure caused a reduction in CBF1 transcript levels in the cold-treated leaves, while FR had the reverse effect, which was independent of the applied light intensities (Fig. 1A) . Meanwhile, exposure to cold temperature under dark conditions also resulted in an increased accumulation of ABA and JA, and this increase was further enhanced by exposure of plants to FR (Fig. 1B) . In contrast, the increase in ABA accumulation was attenuated and JA accumulation was completely abolished by R treatment. To elucidate the potential involvement of photosynthesis-induced oxidative stress under R in the cold response, we also compared the cold tolerance of plants grown in the dark and in R and blue light conditions. At 25°C, no significant differences were found in net CO 2 assimilation rate (Pn) in plants grown under R and blue light conditions. R decreased the cold tolerance and the transcript of CBF1; however, the cold tolerance and the transcript of CBF1 for plants grown under blue light conditions were not significantly altered compared with those grown in the dark (Supplemental Fig. S1 ). These results suggest that R and FR had opposite roles in cold tolerance that may be mediated by phytochromes but not by photosynthesis.
To determine whether R-and FR-regulated cold tolerance was mediated by a CBF-dependent pathway, we generated CBF1-silenced (pTRV-CBF1) plants as well as CBF1/2/3-cosilenced (pTRV-CBF1/2/3) plants using a virus-induced gene silencing (VIGS) strategy (Supplemental Fig. S2A ). Transcript analysis of the leaflets in the middle of the fourth fully expanded leaves revealed that the transcripts for these genes were suppressed by 65% to 80% in the respective silenced plants (Supplemental Fig. S2B ). We next compared the (Fig. 2, A , B, and D). Moreover, levels of oxidized protein (proteins with carbonyl groups), detected as a marker for oxidative damage in vivo, were significantly increased by cold and were much higher in the pTRV-CBF1 and pTRV-CBF1/2/3 plants than in the pTRV plants (Fig. 2C) . While the L-R/FR treatment increased F v /F m and Pn reduced cellular injury and protein oxidation in the pTRV plants, it had little effect on the pTRV-CBF1/2/3 plants. Although L-R/FR exposure decreased relative electrolyte leakage from the leaf cells of the pTRV-CBF1 plants, the effects were less significant compared with the pTRV plants. Therefore, we conclude that the positive influence of FR and the negative influence of R on cold tolerance are mediated by CBFs and that this is accompanied by changes in ABA and JA biosynthesis.
Phytochromes Play Important Roles in R-and FRRegulated Cold Tolerance
Plants perceive R and FR signals through the action of phyB and phyA photoreceptors, respectively. To determine the role of phytochromes in the FR-or L-R/ FR-induced activation of the CBF-dependent pathway, and hence cold tolerance, we used the wild type and five phytochrome mutants, phyA, phyB1, phyB2, phyB1B2, and phyAB1B2, to compare their responses to cold stress under dark, R, and FR conditions. Under dark conditions, exposure to the cold stress did not induce any significant difference in the tolerance, as indicated by the little changes in F v /F m , survival rates, and relative electrolyte leakage among the wild type, phyA, phyB1, phyB2, phyB1B2, and phyAB1B2 (Fig. 3, A and B). Compared with plants grown in the dark, the wild-type plants had decreased and increased cold tolerance under R and FR conditions, respectively, as indicated by the changes in F v /F m values, survival rates, and relative electrolyte leakage. In comparison, the cold tolerance of phyA and phyAB1B2 plants was not altered under FR conditions as compared with those grown in the dark. Meanwhile, phyA plants had decreased cold tolerance, while that for phyAB1B2 plants The false color code depicted at the bottom of the image ranges from 0 (black) to 1 (purple). Survival rates were measured by recovery at 25˚C for 6 d after the chilling treatment (4˚C for 7 d; n = 4), and each replicate had 16 plants. B, Relative electrolyte leakage and transcript levels of genes involved in the CBF pathway at 7 d and 6 h, respectively, after chilling treatment. C and D, ABA (C) and JA (D) levels at 12 h and transcript levels of ABA (C) and JA (D) biosynthesis-and signaling-related genes at 6 h after cold treatment at 4˚C in plants grown under different light quality conditions. Data are presented as means of four biological replicates 6 SD except for F v /F m , which was the mean for 15 leaves from independent plants. Different letters indicate significant differences (P , 0.05) according to Tukey's test. FW, Fresh weight.
was not altered under R conditions. In contrast, the cold tolerance for phyB1, phyB2, and phyB1B2 plants was not altered under R conditions but was significantly increased under FR conditions as compared with those grown in the dark. This suggests that light conditions modified cold tolerance via phyA and phyB and that the phyA plants were more sensitive to cold than wildtype, phyB1, phyB2, and phyB1B2 plants. Similar to the changes in cold tolerance, the transcript levels of genes involved in ABA (NCED6 and ABF4) and JA (LOXD and COI1) biosynthesis and signaling and those of the CBF pathway (CBF1 and COR413-like), as well as ABA and JA accumulation, were down-regulated and upregulated, respectively, in the wild-type plants under R and FR conditions compared with the dark (Fig. 3 , B-D). The transcript levels of these same genes and the accumulation of ABA and JA were consistently reduced in the phyA plants under R conditions but were not significantly altered under FR conditions, respectively, as compared with those grown in the dark. In contrast, the transcript levels of these same genes, and ABA and JA accumulation, were induced by FR but not altered by R in phyB1, phyB2, and phyB1B2 plants. Moreover, lack of both phyA and phyB in phyAB1B2 plants compromised R-and FR-induced changes in the transcript levels of these same genes and the accumulation of ABA and JA.
We then compared the changes in cold tolerance for wild-type, phyA, and phyB1B2 plants grown at a range of R/FR ratios. Compared with wild-type plants, phyB1B2 plants showed enhanced cold tolerance while phyA plants had reduced cold tolerance at different R/FR ratio conditions (Fig. 4 , A-C). As the R/FR ratio decreased, both wild-type and phyB1B2 plants showed decreased relative electrolyte leakage, increased transcripts of CBF1, NCED6, and LOXD, and increased ABA and JA accumulation. However, the phyA mutation compromised R/FR-induced changes in these parameters. Further experiments with H-R/FR (72:28) and L-R/FR (33:67) light conditions revealed that the increased cold tolerance for wild-type and phyB1B2 plants under L-R/FR conditions, as indicated by the increased F v /F m values and survival rates and the decreased relative electrolyte leakage, were associated with increased transcripts of genes involved in the CBF pathway (CBF1, COR413-like, SIZ1-like, ICE1, and COR47-like), ABA biosynthesis and signaling (NECD6, ABF4, AREB, AIM1, and RD22-like), and JA biosynthesis and signaling (LOXD, COI1, LOXF, AOS2, and AOC; Supplemental Figs. S3 and S4). Again, the phyA mutation compromised L-R/ FR-induced changes in these parameters. Taken together, these results suggest that ABA and JA may be involved in phyA-and phyB-mediated cold tolerance that is promoted by FR and suppressed by R conditions, respectively. We also compared the changes in cold tolerance for the wild-type plants grown at a range of FR intensities with a given R or white light intensity. As the intensity of FR was increased, F v /F m was also increased; however, relative electrolyte leakage was decreased ( Fig. 4D; Supplemental  Fig. S5) . A detailed examination revealed that ABA and JA accumulation and transcripts of genes involved in the CBF pathway (CBF1, COR413-like, SIZ1-like, ICE1, and COR47-like), ABA biosynthesis and signaling (NECD6, ABF4, AREB, AIM1, and RD22-like), and JA biosynthesis and signaling (LOXD, COI1, LOXF, AOS2, and AOC; 
Integration of Light Signaling and Cold Stimuli Is Essential for the Induction of Cold Tolerance
To understand the relationship between cold tolerance and R/FR ratio in the growth environment, H-R/FR-and L-R/FR-pretreated or nontreated tomato plants were subjected to a cold treatment for 7 d under H-R/FR and L-R/FR conditions. At optimal growth temperatures, the R/FR ratio had no significant effects on the transcription of genes involved in ABA biosynthesis (NCED6), ABA signaling (ABF4, AREB, AIM1, and RD22-like), JA biosynthesis (LOXD, LOXF, AOS2, and AOC), JA signaling (COI1), and the CBF pathway (CBF1, COR413-like, SIZ1-like, ICE1, and COR47-like; Fig. 5 , B-D; Supplemental Fig.  S7B ). ABA and JA levels were also not significantly altered by the R/FR ratio at the optimal temperature (Fig.  5, C and D) . However, plants grown under L-R/FR conditions showed an increased cold tolerance compared with those grown under H-R/FR conditions, as indicated by a lower relative electrolyte leakage and the accumulation of superoxide and hydrogen peroxide in the leaves as well as higher F v /F m values (Fig. 5, A and B ; Supplemental Fig. S7A ). Cold-induced reduction in F v / F m was more severe in leaf edge than in the middle of the leaf in most cases. In addition, cold stress induced a more significant increase in the transcription of genes involved in these processes and pathways in plants grown under L-R/FR conditions (Fig. 5, B-D; Supplemental Fig. S7B ). We also noticed a greater increase in ABA and JA accumulation in the leaves of plants grown under L-R/FR conditions than in plants grown under H-R/FR conditions after a 4°C treatment for 12 h (Fig. 5, C and D) . However, the growth light conditions before cold treatment did not alter the cold tolerance, as pretreatment with L-R/FR and H-R/FR before cold treatment did not significantly alter the changes in F v /F m , reactive oxygen species accumulation (superoxide and hydrogen peroxide), ABA and JA accumulation, and transcripts of genes involved in ABA biosynthesis and signaling (NCED6, ABF4, AREB, AIM1, and RD22-like), JA biosynthesis and signaling (LOXD, LOXF, AOS2, AOC, and COI1), and the CBF pathway (CBF1, COR413-like, SIZ1-like, ICE1, and COR47-like; Fig. 5 ; Supplemental  Fig. S7 ).
ABA and JA Are Essential for R-and FR-Regulated Cold Tolerance
Since FR and L-R/FR conditions induced the transcription of genes involved in ABA and JA biosynthesis and the accumulation of ABA and JA, we next investigated whether the increased accumulation of ABA and JA was essential for the FR-and L-R/FR-regulated cold tolerance. The tomato notabilis (not) mutant, which is deficient in ABA (Burbidge et al., 1999) , and the suppressor of prosystemin-mediated responses2 (spr2) mutant, which is deficient in JA (Li et al., 2003) , both showed increased cold sensitivity, as indicated by decreased F v /F m values, survival rates, and Pn values as well as increased relative electrolyte leakage from the leaf cells, following exposure to cold conditions for 7 d ( Fig. 6;  Supplemental Fig. S8A ). Although L-R/FR increased cold tolerance in wild-type plants, it failed to reverse the effects of cold stress in the not and spr2 mutants. Finally, we assessed cold tolerance after foliar application of exogenous ABA and methyl jasmonate (MeJA). From dose trials using a range of ABA (0-250 mM) and MeJA (0-200 mM) concentrations, we observed that 50 mM was the most effective concentration for both compounds that enhanced cold tolerance in the wild type, as evidenced by higher F v /F m and Pn and a lower relative electrolyte leakage after exposure to 4°C for 3 d (Supplemental Fig. S8 , B and C). These results indicate that ABA and JA both play essential roles in the L-R/ FR-mediated cold tolerance.
ABA Is Essential for the Induction of JA Signaling in Response to Cold Stress under L-R/FR Growth Conditions
Transcript analysis revealed that the expression of JA biosynthesis-and signal transduction-related genes such as LOXD, COI1, AOS2, and AOC was downregulated in the not plants ( Fig. 6B; Supplemental Fig.  S9A ). Furthermore, transcripts of these genes and the accumulation of JA were not changed with the differences in the R/FR ratio in the not plants subjected to the cold stress. In contrast, transcript levels of NCED6, ABF4, AREB, and AIM1 genes remained unaltered in spr2 plants compared with wild-type plants, while the transcript abundance of these ABA-related genes and the concentration of ABA were both significantly higher in both spr2 and wild-type plants grown under L-R/FR conditions ( Fig. 6C; Supplemental Fig. S9B ). We also found that both not and spr2 plants had lower transcript levels of CBF pathway genes (CBF1, COR413-like, SIZ1-like, ICE1, and COR47-like) than wild-type plants following the cold treatment, and expression was not induced by the L-R/FR conditions (Fig. 6 , B and C; Supplemental Fig. S9 ).
To establish whether the action of ABA and JA in the cold response occurs in a linear sequence, we analyzed the changes in cold tolerance after foliar application of exogenous ABA and MeJA in the spr2 and not mutants. The false color code depicted at the bottom of the image ranges from 0 (black) to 1 (purple). B, Relative electrolyte leakage and transcript levels of genes involved in the CBF pathway in tomato leaves at different R/FR ratio conditions after 25˚C or 4˚C treatment for 7 d and 6 h, respectively. C and D, ABA (C) and JA (D) production at 12 h and transcript levels of ABA (C) and JA (D) biosynthesis-and signaling-related genes at 6 h after 25˚C or 4˚C treatment under different R/FR regimes, respectively. The R/FR ratios for the H-R/FR, L-R/FR, and white light treatments were 72:28, 33:67, and 67:33, respectively. The arrows indicate transfer between growth light conditions. Data are presented as means of four biological replicates 6 SD except for F v /F m , which was the mean for 15 leaves from independent plants. Different letters indicate significant differences (P , 0.05) according to Tukey's test. FW, Fresh weight.
We observed that 50 mM MeJA significantly improved cold tolerance, with increased F v /F m values and CBF1 transcript levels as well as decreased relative electrolyte leakage in the not and wild-type plants (Fig. 7, A and C) . However, application of 50 mM ABA did not induce cold tolerance in the spr2 plants (Fig. 7, B and D) . Consistent with this, ABA application induced an increase in JA accumulation and transcript levels of the genes associated with JA biosynthesis in the wild-type plants, while MeJA application did not up-regulate ABA accumulation and the transcription of genes in the ABA signaling pathway (Fig. 7, E and F) . This set of data thus suggests that ABA functions upstream of JA in the cold response in tomato plants.
DISCUSSION
Light quality is known to modulate plant responses to biotic stresses. For example, plants grown in L-R/FR environments in dense canopies are more susceptible to pests, in particular herbivores, than those that grow in H-R/FR (Griebel and Zeier, 2008; Moreno et al., 2009; Cerrudo et al., 2012) . In this study, we demonstrate that light quality also influences responses to abiotic stress and, specifically, that FR and L-R/FR have a positive effect on cold tolerance, which contrasts with its negative effect on biotic stress resistance (Figs. 1 and 5; Supplemental Fig. S7 ). The CBF pathway is well documented as being a key factor in cold or freezing tolerance in Arabidopsis (Arabidopsis thaliana) and other plants (Hsieh et al., 2002; Kasuga et al., 2004; Oh et al., 2005) , and we established in this study that FR and R up-regulated and down-regulated, respectively, the transcription of CBF1 (Fig. 1A) . Moreover, silencing of CBF1 or cosilencing of CBF1/2/3 expression compromised this L-R/FR-induced tolerance to cold ( Fig. 2;  Supplemental Fig. S2) , suggesting an antagonistic effect of R and FR in the regulation of cold tolerance via the CBF pathway. It is worth noting that R/FR conditions before the cold treatment did not alter the tolerance, transcript levels of genes involved in the CBF pathway, and ABA and JA biosynthesis and signaling, suggesting an essentiality for the integration of light signaling and cold stimuli ( Fig. 5; Supplemental Fig. S7 ).
Phytochromes perceive light signals from the environment and play important roles in stress responses, and studies have shown that ectopic expression of an oat (Avena spp.) phyA gene in hybrid aspen (Populus tremula 3 Populus tremuloides; clone T89) can prevent cold acclimation (Olsen et al., 1997) , whereas phyB and phyD have been reported to negatively regulate cold tolerance by repressing the expression of CBF and its downstream gene COR (Franklin and Whitelam, 2007) . The false color code depicted at the bottom of the image ranges from 0 (black) to 1 (purple). B and C, Relative electrolyte leakage at 7 d after treatment. JA (B) and ABA (C) levels at 12 h after treatment and transcript levels of CBF-related genes and JA (B) and ABA (C) biosynthesis-and signaling-related genes at 6 h after chilling at 4˚C at different R/FR ratios in wild-type (WT), spr2, and not plants. The R/FRs ratios for the H-R/FR and L-R/FR treatments were 72:28 and 33:67, respectively. Data are presented as means of four biological replicates 6 SD except for F v /F m , which was the mean for 15 leaves from independent plants. Different letters indicate significant differences (P , 0.05) according to Tukey's test. FW, Fresh weight.
However, phyB is considered as an important photoreceptor linking light signaling to the cold stress signaling pathway (Kim et al., 2002) . Here, we observed that a lack of phyA resulted in reductions in the cold tolerance and transcript levels of CBF pathway genes under FR conditions, while a lack of phyB1, phyB2, or phyB1B2 improved the cold tolerance and increased the transcript levels of CBF pathway genes under R conditions (Fig. 3) . Furthermore, decreasing the R/FR ratio in the growth environment led to increased cold tolerance and transcript levels of CBF pathway genes in wild-type and phyB1B2 plants but had negligible effects in phyA plants (Fig. 4, A-C ; Supplemental Figs. S3 and S4) . It is apparent that phyA and phyB positively and negatively regulate the CBF pathway and the response to cold by perceiving FR and R, respectively. This conclusion is also supported by the R dependency for the role of FR in cold tolerance, as monochromatic FR conditions were more effective for the induction of cold tolerance over R and white light conditions (Figs. 1, 3 , and 4). Our results also revealed that phyA and phyB function antagonistically in the regulation of cold tolerance, with the role of phyA being more significant, as indicated by the consistent lower tolerance for the phyA plants under different R/FR ratios (Fig. 4, A-C) .
ABA and JA are known to play important roles in responses to various environmental stresses (Lee and Luan, 2012; Santino et al., 2013) . In our study, increased transcript levels of genes involved in ABA and JA biosynthesis and their signaling, as well as the accumulation of these hormones, were induced by FR and L-R/ FR in wild-type, phyB1, phyB2, and phyB1B2 plants but not in phyA plants (Figs. 3, C and D, and 4, B and C; Supplemental Figs. S3B and S4) . In contrast, phyB1, phyB2, and phyB1B2 plants exhibited increased transcript levels of these genes and the accumulation of ABA and JA over wild-type and phyA plants under R conditions (Figs. 3, C and D, and 4, B and C) . These results suggest that ABA and JA are involved in phyAand phyB-mediated cold tolerance that is promoted by FR and suppressed by R conditions, respectively. This is consistent with earlier observations that phytochromes are involved in the regulation of phytohormones in germinating seeds, young seedlings, and shade responses (Sawada et al., 2008; Dubois et al., 2010; Robson et The false color code depicted at the bottom of the image ranges from 0 (black) to 1 (purple). C and D, Relative electrolyte leakage and transcript levels of CBF1 in wild-type and not (C) or spr2 (D) mutant plants as influenced by foliar application of MeJA or ABA. E and F, ABA (E) and JA (F) levels, ABA biosynthesis gene (NCED6; E), and JA biosynthesis gene (LOXD; F) relative expression following foliar application of MeJA or ABA in wild-type plants. Fifty micromolar MeJA or ABA was applied 12 h prior to exposure to cold conditions at 4˚C. Samples for the determination of relative electrolyte leakage, gene transcript levels, and phytohormone contents were collected 3 d, 6 h, and 12 h after chilling at 4˚C. Data are presented as means of four biological replicates 6 SD except for F v /F m , which was the mean for 15 leaves from independent plants. Different letters indicate significant differences (P , 0.05) according to Tukey's test. FW, Fresh weight.
Although it is well known that ABA activates a cascade of downstream signaling events in response to cold exposure (Knight et al., 2004) , the role of JA in abiotic stress responses remains elusive. Like ABA application, exogenous JA alleviated the negative effects of cold stress, likely via an up-regulation of the CBF pathway (CBF1; Fig. 7; Supplemental Fig. S8) . Recently, Hu et al. (2013) demonstrated that JA functions as an upstream signal in the ICE-CBF/DREB1 pathway and promotes freezing tolerance in Arabidopsis. Light-induced JA action may involve phytochrome-mediated changes in JASMONATE ZIM-DOMAIN (JAZ) gene expression or JAZ protein stability (Ballaré, 2014) . Here, we also found that cold induced increases in ABA and JA levels and the expression of their biosynthesis-and signaling-related genes as well as an activation of the CBF pathway (Fig. 5, C and D; Supplemental Fig.  S7B) . ABA-or JA-deficient plants showed decreased expression of CBF pathway-related genes and were more sensitive to cold than wild-type plants (Figs. 6 and 7; Supplemental Figs. S8A and S9), further suggesting that the activation of CBF gene expression is ABA and JA dependent.
JA and ABA function synergistically or antagonistically to regulate protective responses in plants to biotic and abiotic stresses (Melan et al., 1993; Peña-Cortés et al., 1996; Moons et al., 1997; Anderson et al., 2004; Adie et al., 2007 ). An antagonistic interaction has been described between the ABA and JA signaling pathways that modulates the expression of defense and disease resistance genes in Arabidopsis (Moons et al., 1997; Anderson et al., 2004) . However, in another study using tomato and potato (Solanum tuberosum) plants, it was shown that JA could act downstream of ABA in inducing the expression of PROTEINASE INHIBITOR II in response to wounding (Peña-Cortés et al., 1996) , while the expression of LOX1, an important gene in the JA biosynthesis pathway, was induced by exogenous application of either ABA and MeJA (Melan et al., 1993) . Additionally, ABA was reported to be required for JA biosynthesis in wounding responses to Pythium irregulare in Arabidopsis (Adie et al., 2007) . Consistent with the findings of these studies, we found that ABA was required for the induction of JA signaling in response to cold under different R/FR ratio growth regimes. This conclusion is based on the following evidence: (1) ABAdeficient not plants had significantly reduced JA accumulation compared with wild-type plants, and the L-R/FR-induced increase in JA accumulation was compromised in not plants, whereas L-R/FR could still induce ABA accumulation in the spr2 mutant (Fig. 6 , B and C); (2) the not mutant had decreased transcript levels of genes involved in JA biosynthesis and signaling, while L-R/FR-induced changes in the transcript levels of genes involved in ABA biosynthesis and signaling were not compromised in JA-deficient spr2 plants (Fig. 6 , B and C; Supplemental Fig. S9) ; and (3) foliar application of MeJA partially compensated the deficiency of ABA accumulation in not plants in response to cold, while foliar application of ABA failed to rescue the changes in CBF1 transcript and cold tolerance in JA-deficient spr2 plants (Fig. 7) .
To date, the mechanisms underlying light qualityinduced cold tolerance are largely unknown; however, we have shown here that FR and R perceived by phyA and phyB have positive and negative effects on cold tolerance, respectively, where phyA plays a predominant role in tomato. This effect was mediated, at least in part, by synergistic interactions of ABA and JA. In response to cold stress, the activation of phyA by FR increased ABA and JA accumulation, thus promoting CBF gene expression and subsequent cold tolerance. This study elucidates a mechanism by which phyA and phyB antagonistically regulate ABA and JA signaling and CBF-mediated cold tolerance. As, under field conditions, the decrease in temperature is associated with longer twilight periods during autumn months at some northern areas, which is characterized by the reduction in R/FR, this study unveils novel mechanisms that emphasize the biological significance of light quality in nature. Meanwhile, the above part of a vegetation canopy usually shows increased sensitivity to cold. It is highly plausible that plants use phytochromes such as phyA and phyB to integrate these environmental stimuli in response to cold stress.
MATERIALS AND METHODS
Plant Material and VIGS
Seeds of wild-type tomato (Solanum lycopersicum 'Ailsa Craig') and the ABA biosynthesis mutant not in the cv Ailsa Craig background, the wild-type cv Moneymaker and the phyA, phyB1, phyB2, phyB1B2, and phyAB1B2 mutants in the cv Moneymaker background, as well as the wild-type cv Castlemart were obtained from the Tomato Genetics Resource Center (http://tgrc.ucdavis.edu). The JA biosythesis mutant spr2 in the cv Castlemart background was obtained from Chuanyou Li (Chinese Academy of Sciences). Seedlings were grown in pots with a mixture of three parts peat to one part vermiculite, receiving Hoagland nutrient solution. The growth conditions were as follows: 12-h photoperiod, temperature of 25°C/20°C (day/night), and photosynthetic photon flux density of 600 mmol m 22 s
21
. The Tobacco rattle virus (TRV)-based vectors (pTRV1/2) were used for the VIGS of tomato genes (Liu et al., 2002) . The CBF1 and CBF1/2/3 complementary DNA fragments were PCR amplified using the gene-specific primers listed in Supplemental Table S1 . The amplified CBF1 and CBF1/2/3 fragments were digested with EcoRI/XbaI and BamHI/XbaI, respectively, and ligated into the corresponding sites of the pTRV2 vector. Empty pTRV2 vector was used as a control. All constructs were confirmed by sequencing and subsequently transformed into Agrobacterium tumefaciens strain GV3101. VIGS was performed by infiltration into the fully expanded cotyledons of 15-d-old tomato seedlings with A. tumefaciens harboring a mixture of pTRV1 and pTRV2-target gene in a 1:1 ratio. Plants were grown at 21°C in a growth chamber with a 12-h daylength for 30 d until control pTRV-PDS plants (silencing of the gene encoding phytoene desaturase) showed strong bleaching (Ekengren et al., 2003) . Quantitative reverse transcription (qRT)-PCR was performed to determine the gene-silencing efficiency (Livak and Schmittgen, 2001 ).
Cold and Light Treatments
Plants at the four-leaf stage were used for all experiments, which were carried out in controlled environment growth chambers (ConvironE15; Conviron 
ABA and JA Treatment
To determine the effective concentration of ABA and JA in cold tolerance, wildtype plants were pretreated with 0, 10, 50, 100, and 250 mM ABA or 0, 25, 50, 100, and 200 mM MeJA at 12 h prior to cold treatment at 4°C for 3 d. To unveil the relation between ABA and JA in cold tolerance, 50 mM MeJA or ABA was applied onto not plants and spr2 plants, respectively, 12 h prior to exposure to cold conditions at 4°C for 3 d. The plant hormones ABA (Sigma-Aldrich) and MeJA (Sigma-Aldrich) solutions were prepared by dissolving the solutes in ethanol followed by dilution with distilled water (ethanol:water [v/v] = 1:10,000), respectively. Twenty milliliters of solution was applied onto each plant. The control plants received the same amount of water, which contained the same amount of ethanol.
Cold Tolerance Assays
The percentage of plants that were viable 6 d after recovery at the optimum growth conditions was recorded. The F v /F m was measured using an Imaging-PAM Chlorophyll Fluorometer equipped with a computer-operated PAMcontrol unit (IMAG-MAXI; Heinz Walz), as described previously (Zhou et al., 2012) . The Pn was determined with an infrared gas analyzer-based portable photosynthesis system (LI-6400; LI-COR). The air temperature, relative humidity, CO 2 concentration, and photosynthetic photon flux density were maintained at 25°C, 85%, 380 mmol mol 21 , and 600 mmol m 22 s 21 , respectively.
Relative electrolyte leakage was determined as described previously (Cao et al., 2007) . The accumulation of superoxide and hydrogen peroxide in the leaves was detected using nitroblue tetrazolium and 3,39-diaminobenzidine staining (Xia et al., 2009) . Levels of oxidized proteins in the leaves were assayed by immunoblot detection using an OxyBlot protein oxidation detection kit (Chemicon International), according to the manufacturer's instructions.
Measurement of ABA and JA Levels
Phytohormone extraction and analysis from tomato leaves were performed using previously reported procedures with minor modifications (Durgbanshi et al., 2005; Wu et al., 2007; Alba et al., 2015) . Briefly, 100 mg of frozen leaf material was homogenized in 1 mL of ethyl acetate, which had been spiked with D6-ABA and D5-JA (OlChemIm) as internal standards to a final concentration of 100 ng mL 21 . The homogenate was shaken for 12 h in the dark at 4°C before centrifugation at 18,000g for 10 min at 4°C. The supernatant (the ethyl acetate phase) was collected, and the pellet was reextracted with 1 mL of ethyl acetate and centrifuged for 10 min at 4°C at 18,000g. The supernatants were combined and evaporated to dryness under N 2 gas. The residue was resuspended in 0.5 mL of 70% (v/v) methanol and centrifuged at 18,000g for 2 min at 4°C, and the supernatants were analyzed by HPLC-mass spectrometry on an Agilent 1290 infinity HPLC system (including a vacuum degasser, a binary pump, a column oven, and an autosampler) coupled to a Agilent 6460 Triple Quad liquid chromatography-mass spectrometry device (Agilent Technologies). HPLC analysis was performed using an Agilent Zorbax XDB C18 column (150 mm 3 2.1 mm, 3.5 mm). The mobile phase consisted of a mixture of solvent A (0.1% formic acid in water; E. Merck) and solvent B (methanol; E. Merck) at a flow rate of 0.3 mL min 21 with the following gradient: 0 to 1.5 min, A:B at 60:40; followed by 6.5 min of solvent A:B at 0:100; subsequently returning to solvent A:B at 60:40 for 5 min until the end of the run. The column temperature was kept at 40°C , and the injection volume was 20 mL. A negative electrospray ionization mode was used for detection. The parent ions, daughter ions, and collision energies used in these analyses are listed in Supplemental Table S2 . Phytohormone accumulation was expressed as nanograms per gram of fresh mass leaf material.
qRT-PCR Analysis
Total RNA was extracted from tomato leaves using the RNAprep Pure Plant Kit (Tiangen Biotech) according to the manufacturer's instructions. Residual DNA was removed with the RNase Mini Kit (Qiagen). One microgram of total RNA was reverse transcribed using a ReverTra Ace qPCR RT Kit (Toyobo), following the manufacturer's recommendations. The gene-specific primer pairs, as shown in Supplemental Table S3 , were designed on the basis of EST sequences and used for amplification. qRT-PCR was performed using a Roche LightCycler 480 real-time PCR machine. The PCR was run at 95°C for 3 min, followed by 40 cycles of 30 s at 95°C, 30 s at 58°C, and 1 min at 72°C. The tomato ACTIN gene was used as an internal control. The relative gene expression was calculated as described previously (Livak and Schmittgen, 2001 ).
Statistical Analysis
The experimental design was a completely randomized block design with four replicates. Each replicate contained 16 plants. Experimental data were analyzed using INFOSTAT software (professional version 1.1) by means of factorial ANOVA. When interaction terms were significant (P , 0.05), differences between means were analyzed using Tukey comparisons. Significant differences between treatment means are indicated by different letters.
Sequence data from this article can be found in the GenBank/EMBL data libraries under the accession numbers listed in Supplemental Table S3 .
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Cold tolerance for plants grown in the dark, R, and blue light conditions.
Supplemental Figure S2 . Cold tolerance in CBF1 and CBF1/2/3 genesilenced tomato plants under L-R/FR (33:67) and H-R/FR (72:28) conditions.
Supplemental Figure S3 . The role of phytochromes in L-R/FR-induced (R/FR ratio, 33:67) cold tolerance.
Supplemental Figure S4 . The transcript levels of CBF, ABA, and JA pathway-related genes in phyA and phyB1B2 plants at 6 h after cold treatment at 4°C under H-R/FR or L-R/FR conditions.
Supplemental Figure S5 . Cold tolerance for plants under white light and R conditions supplemented with different intensities of FR.
Supplemental Figure S6 . Changes in the transcript levels for genes involved in CBF, ABA, and JA pathways for plants under white light supplemented with different intensities of FR.
Supplemental Figure S7 . Cold tolerance and associated changes in the transcript levels for genes involved in CBF, ABA, and JA pathways for plants under different R/FR ratios before and during the cold stress.
Supplemental Figure S8 . Effects of ABA and JA on cold tolerance in tomato plants.
Supplemental Figure S9 . Expression of genes involved in the CBF, ABA, and JA pathways in response to H-R/FR or L-R/FR in the not and spr2 mutants under cold stress.
Supplemental Table S1 . PCR primer sequences used for vector construction.
Supplemental Table S2 . Parameters used for the detection of phytohormones and related compounds by liquid chromatography-tandem mass spectrometry.
Supplemental Table S3 . List of primer sequences used for qRT-PCR analysis.
